In this work we report that volatiles emitted from wounded citrus peel play a major role in host recognition by Penicillium digitatum. Volatiles of various citrus cultivars had a pronounced stimulatory effect on germination and germ tube elongation of green mold pathogen. When exposed to volatiles from grapefruit, the percentage of P. digitatum spores germinated on minimal media was 10-fold higher as compared to the control. In contrast, conidia germination and growth in non-host pathogens, Botrytis cinerea and Penicillium expansum, were either not affected or inhibited by the citrus peel volatiles. A GS-MS analysis of volatile compounds in the wound head space of various citrus fruit cultivars revealed that limonene is the major compound, suggesting it as a potential chemical regulator of germination in P. digitatum. After reaching the wound, to successfully colonize the entire fruit, P. digitatum needs to overcome defense mechanisms in the host tissue. Indeed, we found that P. digitatum actively suppresses a defense-related hydrogen peroxide (H 2 O 2 ) burst in the citrus peel. In contrast, inoculation of citrus fruit with a non-pathogenic fungus, Penicillium expansum, triggers a massive production of H 2 O 2 in host cells. Important, that initially (8 to 17h after inoculation) both fungi trigger an elevation in H 2 O 2 levels in lemon peel disks. Later, approximately 25h after inoculation P. digitatum succeeds to significantly suppress H 2 O 2 production by host cells, while in discs inoculated with P. expansum, the level of H 2 O 2 was 2.5-fold above the control value at this time point. Suppression of H 2 O 2 production in host tissue by exogenous citric acid significantly (P≤0.05) enhanced pathogenicity of P. digitatum and even allowed a non-pathogenic P. expansum to develop large lesions on lemons, oranges and grapefruits. These results, together with recent reports suggesting the potential involvement of citric acid in green mold pathogenesis, indicate that the ability to suppress hydrogen peroxide production in host tissue plays an important role in pathogenicity of P. digitatum on citrus fruit.
INTRODUCTION
Green mold caused by Penicillium digitatum is the most damaging postharvest diseases of citrus fruit. This Penicillium species is specific to citrus fruit and does not cause progressive decay in any other fresh fruit or vegetable crops. While the etiology of P. digitatum is well understood, the physiological and biochemical basis of its narrow host specificity is less clear. Unlike the spores of many fungi, conidia of P. digitatum do not germinate on a medium lacking a carbon source such as water agar or on the surfaces of intact citrus fruit (Kavanagh and Wood, 1971; Eckert et al., 1984) , but do germinate if exposed to volatiles released in injured citrus fruit. The mechanism of perception and germination following exposure to stimulatory volatiles released from wounds are not well understood either. Knowledge of this phenomenon is limited to few conflicting reports in which different mixtures of a variety of volatiles were suggested to be responsible for stimulation or inhibition of spore germination in P. digitatum (Davis and Smoot, 1972; Eckert et al., 1984 Eckert et al., , 1992 French et al., 1978; Eckert and Ratnayake, 1994; Rodov et al., 1995) .
Following germination, and before colonization of fruit tissue, P. digitatum needs to overcome defense mechanisms in the peel. Numerous reports documented the existence of versatile inducible and innate mechanisms of pathogen defense in citrus fruit (Fajardo et al., 1998; Afek et al., 1999; Porat et al., 2003; Hasdai et al., 2004) . The majority of studies suggested that flavedo tissue has the highest defense potential (Ballester et al., 2006) . In contrast, very little is known about Penicillium-fruit interaction from the pathogen's perspective. There are few evidences that P. digitatum has the ability to suppress fruit defenses. Ismail and Brown (1979) reported that elevation of phenylalanine ammonia-lyase (PAL) (EC 4.3.1.5) activity is inhibited in citrus peel around wounds inoculated with the fungus. Lisker et al. (1983) later demonstrated that PAL activity is also suppressed in areas distant from inoculation sites. More recently, Prusky et al. (2004) suggested that P. digitatum compromises citrus fruit defense by acidifying host tissue, hypothesizing that low ambient pH is optimal for expression and functioning of certain fungal polygalactouronase. However, these findings still do not explain how the entire defense machinery of the citrus fruit (phytoalexins, pathogenesisrelated (PR) proteins, lignification, etc.) is not triggered in response to invasion by P. digitatum or how the fungus disrupts defense signaling pathways in a host in regions distant from the site of inoculation.
To identify host-specific signals recognized by green mold pathogen, we proposed to characterize the composition of wound headspace and citrus oil volatiles of three citrus cultivars using GC-MS and to investigate the effect of individual wound volatiles found in wound headspace on spore germination and germ tube elongation of P. digitatum as compared to their effects on two other common postharvest pathogens, P. expansum and Botrytis cinerea, that are not pathogenic on citrus fruit. In addition, to get new insight into mechanisms by which P. digitatum overcomes citrus fruit defenses we investigated whether or not P. digitatum can suppress the production of ROS in host tissue. In doing so we examined the production of H 2 O 2 in citrus fruit after inoculation with a compatible (P. digitatum) and a versatile non-host pathogen (P. expansum). Also of importance was to explore the effect of certain organic acids, suggested to be secreted by P. digitatum (Prusky et al., 2004) on its virulence on citrus fruit.
MATERIALS AND METHODS

Materials
'Star Ruby' red grapefruit (Citrus paradise Macf), 'Valencia' oranges (Citrus sinesis), clemetine (Citrus reticulata L.) and lemon (Citrus limon L.) of full harvest maturity were obtained from a nearby orchard. Pear, apple, tomato, pepper, strawberry and avocado fruits were purchased from a local market. Chemicals were of analytical grade and were purchased from Sigma-Aldrich, except 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCF-DA) purchased from Molecular Probes Invitrogen, Eugene, OR, USA.
Fungal Cultures and Preparation of the Inoculum
Strains of Penicillium digitatum, Penicillium expansum and Botrytis cinerea, were obtained from the culture collection of the Dept. of Postharvest science, ARO, the Volcani Center. Spore suspensions were prepared from 2-to 3-week-old PDA (Potato dextrose Agar, Difco, Detroit, MI) cultures of the pathogens. Conidia were harvested from 2-to 3-week-old cultures and final spore concentrations in water were adjusted with a haemocytometer.
Detection of Volatiles in the Headspace of Injured Citrus Fruit
Collection and detection of volatile compounds present in the wound headspace of different citrus fruits was performed as described by Droby et al. (2008) .
Effect of Complex Volatile Mixtures from Fruit Discs and Individual Citrus Volatiles on Spore Germination Germ Tube Growth
A petri dish bioassay system was developed to asses the effect of volatiles on spore germination and germ tube development of the various pathogens. Three separate 15 µl drops of a spore suspension (8×10 4 spores ml -1 ) of a specific pathogen were placed in different locations on the surface of the 3% sterile water agar. After the drops were absorbed into the agar, the plates were turned over and a 13-mm filter disk (Whatman paper) was placed on the cover of each plate. In order to assess the effect of volatiles emitted from fruit, two peel discs (15 mm in diameter) were cut with a cork borer and placed on the cover of each plate instead of a filter disk. Control plates contained paper discs without any substance. Increasing concentrations of citrus pure volatile compounds (0.005 to 60 µl per plate) were applied to each filter disc. The plates were sealed with PVC tape and incubated at 25ºC for 24h. Fungal spores were then fixed and stained by adding 10 µl of lactophenol blue and viewed using a Leica microscope. Images were acquired using a Leica color digital camera (Leica DC200). Percentage of germination and average germ tube length of the pathogens were determined in three microscopic fields containing at least 30 spores each and analyzed by Leica IM 1000 software. Mean values of the three replications and standard errors were calculated.
Pathogen Inoculation and Treatment of Peel Discs with Organic Acids and Low pH Buffer
Under aseptic conditions, peel discs were removed from the fruit using a 9-mm diameter cork borer. Albedo tissue was detached from flavedo using a sharp sterile blade. Flavedo disks were immersed in a water suspension of either P. digitatum or P. expansum conidia (10 4 conidia ml -1 ), or in sterile water as a control, and then transferred into petri dishes lined with a moist sterile filter paper. Inoculated discs were incubated at 25°C. At specific time intervals after inoculation, a lot of 16 discs of each variant were taken for analysis of H 2 O 2 production. Organic acid or buffer treatments were performed by immersing peel disks for 10 min in sterile 20 mM solution of citric (pH=2.1), oxalic (pH=1.8), gluconic (pH=6.2), ascorbic (pH=2.3) acids or KCl-HCl buffer (pH=1.8). Discs were then transferred into petri dishes lined with sterile filter paper moisturized with 5 ml of corresponding acid or buffer and incubated as described above. Twelve hours after treatment six discs of each variant were taken for analysis of H 2 O 2 production using Confocal microscopy.
Analysis of H 2 O 2 Production in Fruit Tissue
H 2 DCF-DA was used for detection and quantification of H 2 O 2 as described by Macarisin et al. (2007) .
Fruit Wounding, Inoculation and Disease Assessment
Fruit peels were wounded to a depth of 5.0 mm using a 1.25-mm diameter needle. Four different sites around the blossom end on grapefruits and 3 different longitudinal sites on oranges and lemons were wounded. Thirty µl of treatment solution or sterile water were pipetted into each wound prior to inoculation. For inoculation with a selected pathogen, a 20 µl drop of a 10 5 conidia ml -1 suspension of either P. digitatum or P. expansum was pipetted into a wound. Inoculated fruits were incubated in darkness at 20°C at high humidity conditions. To study the effect of organic acids, and low pH buffer on infection development, prior to inoculation with conidia, organic acids or buffer were pipetted into the artificial wounds in a concentration range from 10 to 200 mM for P. digitatum and from 10 to 500 mM for P. expansum. The percentage of infected wounds, as well as lesion diameters, were determined 5 days after inoculation. At least 10 fruits were used for each treatment and each experiment was repeated three times. Results of a single representative experiment are presented. Data were analyzed statistically by Student's t test at P≤0.05.
RESULTS AND DISCUSSION
Spores of P. digitatum showed a 4-to 10-fold increase in percentage germination on water agar with exposure to volatiles emanating from fruit peel tissue of lemon, grapefruit and orange, while volatiles derived from non-host fruits and vegetables (apple, pear, tomato, pepper, strawberry and avocado) had no effect (Fig. 1) . These data are in agreement with earlier reports describing the stimulatory effect of wound-released volatiles on germination of P. digitatum on water agar (Eckert, 1992 (Eckert, , 1994 . The phenomenon of selective stimulation of fruit pathogens by volatile compounds is known in other fruit-pathogen systems. Volatile materials from the flesh of apples and nectarines stimulated spore germination of P. expansum and Monilinia fructicola but not P. digitatum (Eckert and Ratnayake, 1994) . The ability of apples to promote germination of these pathogens was attributed to ethylene. To determine if citrus fruit volatiles have a specific stimulatory effect solely on P. digitatum, the response of non-citrus pathogens, P. expansum and B. cinerea, to citrus peel volatiles was also investigated. Results demonstrated that while peel discs volatiles of orange and grapefruit stimulated germination of P. digitatum, germination of P. expansum and B. cinerea was either not affected or inhibited (Fig. 2) . The specific stimulatory effect of fruit peel volatiles on citrus pathogen and inhibitory effect on non-pathogens indicates at the possible role of citrus volatile compounds in the host selectivity of some postharvest pathogens. Although, the qualitative and quantitative composition of citrus essential oils and peel extracts is well investigated the data regarding the volatile components of the atmosphere surrounding wounded citrus fruit are incomplete and conflicting (Norman et al., 1967; Norman, 1977; Eckert et al., 1994) . We performed a comparative CG-MS quantification and identification of volatile constituents in the headspace of the wounded fruits (Fig. 3) . Monoterpene hydrocarbons (limonene, α-pinene, sabinene, and myrcene) were the most abundant in all volatile mixtures regardless of the citrus cultivar. Among sesquiterpenes, valencene and cariophyllene were also detected. Volatile alcohol, linalool, was also found in all samples subjected to analysis. Nootkatone was uniquely detected in the headspace of wounded grapefruit. This compound is known to be specific to grapefruit and is responsible for the unique aroma of this fruit, and Stange (2002) suggested that nootkatone plays a role in enhancing the susceptibility of grapefruit to Penicillium rots.
Further study of the effect of the most abundant volatile compounds present in the citrus wound headspace demonstrated that limonene, myrcene, α pinene, and β pinene stimulate germination and germ tube growth in P. digitatum (Fig. 4) . Limonene was shown to be the most efficient in induction of germination and growth in green mold pathogen. The stimulatory effect was concentration dependent but even at low concentrations (=6 ppm) a significant stimulation was observed. At similar concentrations, all of these monoterpenes were inhibitory to P. expansum and Botrytis. Thus, our findings conflict with the earlier report by Eckert and Ratnayake (1994) in which individual monoterpenes (limonene, myrcene, α pinene,) were not stimulatory to P. digitatum when tested on water agar. These conflicting findings may again be the result of the use of different assay systems and argue for the need to have standard protocols when conducting volatile research on host pathogen interactions.
The current study also showed that citrus peel discs inoculated with P. digitatum or P. expansum began to produce more H 2 O 2 than controls as early as 8h after inoculation (Fig. 5 ). After reaching a maximum H 2 O 2 level at 17h, (approximately 150% of the control value), the level of H 2 O 2 in discs inoculated with P. digitatum decreases considerably below the control and fell below detectable level at 36h after inoculation. In contrast, the concentration of H 2 O 2 in discs inoculated with P. expansum was threefold higher than the controls at 17 hours post inoculation (hpi) and began to decrease slowly thereafter. However, even after 48 hpi, production of H 2 O 2 in discs inoculated with P. expansum was about 1.75-fold above the level in control samples. These data correlate well with results reported by Tomankova et al. (2006) on tomato. They showed that in a susceptible tomato-powder mildew pathogen (Lycopersicon esculentum -Oidium neolycopersici) interaction, the concentration of H 2 O 2 became elevated from 12 to 28h after inoculation and dropped thereafter, whereas in the resistant tomato-powdery mildew pathogen (L. hirsutum -O. neolycopersici) interaction, strong production of H 2 O 2 was still evident at 48 hpi.
The ability of several fungal pathogens to suppress defense-related accumulation of ROS in host tissue as a part of virulence strategy was reported before (Cessna et al., 2000; Unger et al., 2005) ; however, the mechanism of this suppression remains unclear. Prusky et al. (2004) suggested that P. digitatum virulence relays on its ability to secrete citric and gluconic acids, which are believed to aid fungal invasion by developing a more suitable apoplastic pH for cell wall-degrading-enzymes secretion and activity. Therefore the ability of organic acids and other acidifying agents to suppress H 2 O 2 production in host cells as well as the effect of these substances on the virulence of P. digitatum and P. expansum on citrus fruits was explored. Results indicated that pH reduction alone was insufficient to enhance pathogen virulence. Both in compatible and non-host interactions, apoplast acidification only enhanced fungal pathogenicity when it was accompanied by the suppression of H 2 O 2 . Among the substances tested only oxalic, citric and ascorbic acids were able to suppress H 2 O 2 production in citrus peel tissue (Fig. 6 ) and enhance the virulence of both pathogens (Fig. 7) . Similarly to our findings, Thordal-Christensen et al. (1997) reported that application of exogenous ascorbic acid completely abolished H 2 O 2 staining in cells undergoing HR in a barley-powdery mildew interaction. Our data are also in agreement with a previous report by Cessna et al. (2000) demonstrating that oxalic acid, secreted by Sclerotinia sclerotiorum, suppressed the defense-related production of H 2 O 2 in bean and tobacco. Although there are no reports on the production of either oxalic or ascorbic acids by P. digitatum, this pathogen is known to produce high amounts of citric acid during decay of a citrus fruit (Prusky et al., 2004) and we showed that citric acid inhibits production of H 2 O 2 in peel discs and enhances the pathogenicity of both P. digtatum and P. expansum.
Collectively, results of the current study indicate that citrus wound volatiles play a crucial role in host specificity of P. digitatum. At early stages of infection development, P. digitatum suppresses the defense-related oxidative burst in host tissue, thereby compromising fruit defense. Furthermore, we found that the application of exogenous citric acid suppresses production of H 2 O 2 in citrus exocarp and is sufficient to disrupt host defenses, making citrus fruit susceptible to the non-host pathogen P. expansum. Based on the results of our current study, and reports documenting an increase citric acid in fruits infected with P. digitatum (Prusky et al., 2004) , we suggest that this compound plays an important role in the pathogenicity of P. digitatum and appears to be responsible for suppressing the production of H 2 O 2 in citrus fruit.
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